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Intense and energetic electron currents can be generated by ultra-intense lasers interacting with solid density
targets. Especially for ultra-short laser pulses their temporal evolution needs to be taken into account for
many non-linear processes as instantaneous values may differ significantly from the average. Hence, a dynamic
model including the temporal variation of the electron currents – which goes beyond a simple bunching with
twice the laser frequency but otherwise constant current – is needed. Here we present a time-dependent
solution to describe the laser generated currents and obtain simple expressions for the electron spectrum,
temporal evolution and resulting correction of average values. To exemplify the semi-empiric model and its
predictive capabilities we show the impact of temporal evolution, spectral distribution and spatial modulations
on Ohmic heating of the bulk target material.
PACS numbers: 12345
I. INTRODUCTION
The generation of hot and dense electron currents by
ultra-intense laser irradiation of solids has important im-
pact on the heating of the solids1, generation of resistive
fields2,3 development of current instabilities4 and eventu-
ally the acceleration of ions at the plasma rear surface5.
Its exact time-dependent calculation is of high relevance,
e.g. due to non-linearities in the respective equations.
Since there exists no complete and self-consistent ex-
plicit theory for the current generation from ultra-intense
laser interaction with solids, it is often convenient to use
heuristic arguments and general conservation laws. It is
very common to calculate the laser generated current of
energetic electrons jh(t) = nh(t)vh(t) employing the en-
ergy density flux conservation equation. Surprisingly, in
literature the exact time-dependent form is only rarely
used. It is more customary to use the much simpler
form3,6
χ
a20
2
= (〈γh(t)〉 − 1) 〈nh(t)〉 〈vh(t)〉 , (1)
setting the cycle averaged absorbed laser intensity equal
to the product of the average energy, density and velocity
of accelerated electrons. Here, 〈...〉 denotes the time av-
erage over a laser period, a0 =
√
2I/ncmec3 (where I is
the laser intensity, nc = meǫ0ω
2
0e
−2 is the critical density
with ω0 being the laser frequency, me the electron rest
mass, e the electron charge, and ǫ0 the electric constant),
χa20/2 is the energy flux absorbed into energetic electrons
(which may be differing significantly from total laser ab-
sorption) and γh(t), nh(t), vh(t) are the time dependent
energy, density and velocity in laser direction of laser
accelerated electrons. Here and in the following we use
a)t.kluge@hzdr.de; http://hzdr.de/crp
dimensionless units, c = me = nc = ω0 = e = 1. Hence,
velocities, densities, energies and currents are given in
units of c, nc (1.1 · 1021λ−2 cm−3), mec2 (511 keV) and
encc (48 kA/µm
2
), respectively. Also, since throughout
the present work we only consider a transversely homoge-
neous energy flow along one direction, all values we refer
to can be and are meant as values normalized to the unit
area, i.e. areal densities taken across the 2 transverse
directions.
With the above equation, setting the laser absorption co-
efficient χ ≡ 1 and assuming a ponderomotive-like scaling
for the average hot electron energy7,
〈γh〉 =
√
1 +
a20
2
(2)
one quickly finds
〈jh〉 ∼= 〈γh〉ncc (3)
for a0 ≫ 1 which coincides with heuristic arguments4.
This equation holds also for χ ≤ 1 with an ad hoc
modified hot electron scaling, replacing 〈γh〉 with γ¯h =√
1 + χ
a2
0
2
3.
Obviously, equation (1) is not correct if instanta-
neous values differ significantly from their average values.
However, this is expected for ultra-intense laser interac-
tion with plasmas especially at ultrashort pulse duration
(few tens of femtoseconds)8. Contrarily, for sufficiently
long laser pulses the phase space of electrons may be-
come mixed during the irradiation, e.g. due to electron
recirculation9, so that the instantaneous and local en-
ergies and velocities of electrons are not a specific single
value anymore but resemble a broad distribution (i.e. the
phase space volume is large, not peaked) that does not
vary in time much anymore.
In this paper we limit ourself to the situation of an undis-
turbed initially cold plasma that is excited only by a few
2isolated laser periods. Then, as will be shown, the phase
space distribution is very narrow and varies strongly dur-
ing a laser period. E.g., considering the simple example
of electrons bound at the front surface of a plasma slab
before being pushed into the plasma one may expect an
oscillatory temporal evolution of the electron motion. In
such a case the temporal evolution especially of γh(t) and
nh(t) need to be considered and the averages be taken
correctly,
χ
a20
2
= 〈(γh(t)− 1)nh(t)vh(t)〉 (4)
In the following we outline the procedure to derive
the laser generated electron current 〈jh〉 and jh(t) and
spectrum from Eq. (4) without such ad hoc assumptions
and give specific expressions for important exemplary
cases. We compare the results to particle-in-cell (PIC)
simulations and demonstrate the relevance for laser
plasma heating and resistive magnetic field generation.
It will be shown that not only the temporal evolution
matters, but also spectral shape of the electron bunches
as well as spatial structure (e.g. filaments) and disper-
sion.
II. SIMULATIONS
We performed 2 dimensional collisional PIC simula-
tions using the code PICLS10 to obtain a benchmark for
the analytic model for jh(t). In order to be as close to
the specific model requirements as possible we employ a
spatially plane laser pulse with a very short rise time of
only T/2 followed by a flat top, spatially constant in the
directions transverse to the propagation direction. The
plasma slab was modeled by a flat foil with the thickness
of 2 laser wavelengths λ0 and consisted of a preionized
neutral ion-electron mixture with a density of 400nc each.
The ion charge-to-mass ratio was set to Q/A = 1/2 (with
A = 1836me) and the slab was covered with a small ex-
ponential preplasma with scale length 0.1λ0 at the front
surface. For the following analysis we consider only those
electrons originating from the direct laser interaction, i.e
electrons originating from the preplasma or skin-depth
layer at the plasma front surface and average over a re-
gion of interest (ROI) comprising a distance of 1λ0 in
laser direction starting 0.5λ0 inside the plasma and ex-
tending over the full simulated volume in transverse di-
rection, hence we may expect to comprise two electron
bunches from the 2ω0 laser Lorentz force. All data is
taken at the time when the first bunch accelerated after
the laser pulse envelope is at maximum at the plasma
front surface reaches the rear of the ROI.
Fig. 1 shows the average current in laser direction of
laser accelerated electrons inside the ROI compared to
the analytical scaling Eq. (3). For the dashed line we
FIG. 1. Current density averaged in transverse direction from
PIC simulations with a plane laser wave front, compared to
the popular scaling law jh = γncc with γ = γ¯ being the
ensemble average electron energy from PIC (solid line) and
γ = 〈γh(t)〉 with γh(t) being the quiver energy Eqn. (6)
(dashed line).
used the average quiver energy of electrons in the trans-
verse electric laser field (i.e. essentially the ponderomo-
tive scaling), for the solid line we replaced 〈γh〉 with the
average electron energy from the PIC simulation in the
ROI, γ¯h. It is readily seen that the popular scaling (3)
does not describe the simulation results well. Using the
quiver energy scaling, the current is consistently over-
estimated, with the average energy from the simulation
Eqn. (3) overestimates the current for a0 ≤ 20 while it
significantly underestimates it for larger a0. The differ-
ences are rather large, ranging up to an order of magni-
tude.
It is important to note that here and in the following
we only consider electrons with kinetic energy larger than
m = γ − 1 = 1, both for the simulation and for the
analytic estimate. In the ROI there are not only electrons
from two 2ω0 bunches but due to dispersion also slow
moving electrons from earlier bunches. By setting the
energy threshold we can filter them out to a large extend.
The reason why the analytical model Eq. (3) fails in
describing the PIC results of course is the strong vari-
ation of the electron energy, density and hence current
with time. We showed and discussed the temporal evo-
lution of the energy within one of the 2ω0 bunches in
11,
here we also show the evolution of the density and laser
generated current in Fig. 2 exemplary for the simulation
with a0 = 10. The shape of all quantities were found
to be very stable at least between the first four subse-
quent bunches, with only negligible cycle-to-cycle varia-
tion. For example the energy evolution follows the quiver
energy evolution with the exception a dip and a peak at
z=0.4 and 0.3 which was found to be due to interaction
with the target bulk, i.e. a strong transient longitudinal
field present at the front surface of the plasma at the time
when the respective part of the bunch passes the critical
density surface. As can be seen, in density and current
3FIG. 2. Spatial profile of energy (a), density (b) and current
(c) of laser accelerated electrons along the laser axis (laser
incident from negative direction, a0 = 10, target starts at
z = 0). For (b) and (c) only electrons with γ − 1 > m ≡ 1
were considered. In (a), the first 4 bunches are shown on top
of each other while (b) and (c) show the average over those
4 bunches. The orange line in (b) is a fit with 1/γ with γ
from (a). The orange lines in (c) are model predictions from
Eqn. (20) (solid) and (19) (dashed).
this influence is much less pronounced, so we will neglect
it in modeling in the following.
III. SPECTRUM OF LASER ACCELERATED
ELECTRONS
The spectrum of laser accelerated electrons injected at
the front target surface can be simply estimated when
their energy and density are known as a function of time
over a laser period. The spectrum then reads
dNh
dγh
= N toth
f(t)
γ˙h
. (5)
For convenience, here we rewrite ∂Nh/∂t = N
tot
h f(t)
where N toth is the total number of electrons accelerated
by the laser in one bunch of duration τ = λ/4 = π/2.
Note that f(t) is normalized to
∫ τ
0
f(t)dt = 1. We are
left with determining γh(t), f(t), and N
tot
h .
The laser action on the target electrons can be divided
into a transverse force by the electric field and a longitu-
dinal force by the magnetic field. The former constitutes
the driver for a transverse harmonic electron oscillation
posc = aˆ0 sin(ω0t) (where aˆ0 is the laser electric field
strength at the plasma front surface). The latter first
pulls electrons moving in transverse direction off the tar-
get surface into the vacuum direction and upon reversal
of the sign of the field pushes them back. For mildly rel-
ativistic laser amplitudes (i.e. a0 . 20) the longitudinal
amplitude is small and the amount of energy an electron
can obtain while co-moving with the field is small also,
the temporal energy evolution of an electron follows the
quiver energy
γh(t) =
√
1 + posc(t)2 , (6)
i.e. the usual absorption-independent expression.
For large laser strengths or a target with long pre-
plasma (more than few hundred nanometers) we have to
drop the restriction of considering electrons to only oscil-
late transversely. We have shown in12 that then γh can
be obtained by
γh(t) =S(t)
2
/2+ 2/S(t)2−1 (7)
S(t) =
3
√√
9p2osc(t) + 8 + 3posc(t) .
In the following we will refer to this case as the ultra-
relativistic case.
It is important to point out that often aˆ0 ∼= a0 is a
good choice in experimentally relevant situations since
for many high contrast short pulse laser systems the
overcritical short preplasma scale length is around 0.1λ0.
In this case the approximate equality between a0 and
aˆ0 can be shown analytically from Maxwell equations
for non-relativistic intensities13 and for a0 > 1 it can be
shown by simulations that this approximation remains
valid over a wide range of experimentally relevant inten-
sities. This means that in contrast to3 where aˆ0 ≡ χa20
was imposed we assume the laser field amplitude to be
invariant of the laser absorption χ; hence χ can only
affect the number of accelerated electrons.
We will also discuss two expressions for f(t): f(t) =
const. = τ−1, and, again following12,
f(t) =
f0
γh(t)
(8)
with f0 = (τ〈1/γh〉)−1. With the quiver energy Eqn. (6)
for the former the ensemble average energy of the laser
accelerated electrons would be
γ¯h = 〈γh(t)Nh(t)〉/〈Nh(t)〉 = 〈γh〉
= 2E(iaˆ0)/π (9)
(where E(x) is the complete elliptic integral of the sec-
ond kind), which approximately reproduces the Wilks
ponderomotive scaling. For the latter the average energy
is
γ¯h = 〈1/γh(t)〉−1 (10)
= π/2K(iaˆ0) (11)
4FIG. 3. Electron spectra for all electrons in the first bunch in the ROI defined in the main text (a), (b) and in front of the target
(c). The laser field vacuum amplitude is a0 = 10 (a,c) and 30 (b). The spectrum (13) assuming pˆosc = 0.9a0 (in agreement with
simulations) is shown by the orange solid (black dashed) line for f ∝ 1/γ (f = const.) and 〈nh〉 extracted from the simulation.
Orange dashed line in (b) shows spectrum (14) predicted for ultra-relativistic laser intensity. (d) Average energy of energetic
laser accelerated electrons from simulations (black dots) compared to Tm from Eqn. (15), using different expressions for γh and
f . A clear transition from the short scale regime (orange solid line) to the long scale regime (orange dashed line) can be seen.
Quiver energy and f = const. (black dashed line) does not fit the simulations.
where K(x) is the complete elliptical integral of the first
kind, hence it is f0 = γ¯/τ .
In Fig. 2b the evolution of the number of laser
accelerated electrons with an energy of γh − 1 > m ≡ 1
is shown for the PIC simulation with a0 = 10 together
with a fit of 1/γh from the same simulation (cp. Fig. 2a).
Obviously, the choice f ∝ 1/γh seems to be an appropri-
ate choice while f = const. is clearly not supported by
the simulations. We will still use it as a comparison due
the very widespread use of the ponderomotive scaling (2).
Finally, we can determine N toth using the energy flux
conservation Eqn. (4) by identifying nh(t) with ∂Nh/∂t.
We can hence readily write
N toth =
χa20
2
τ
〈f(t)vh(t) (γh(t)− 1)〉 . (12)
We can now evaluate Eqn. (5) and give an explicit
expression for the spectrum of laser accelerated electrons.
Applying (6), we obtain the spectrum for modest laser
intensities and steep front surface density gradients
dNh
dγh
= N toth f
γh√
(γ2h − 1) (γˆ2h − γ2h)
(13)
where γˆh ≡
√
1 + aˆ20 .
With (7) the spectrum for ultra-relativistic laser inten-
sities or long preplasma scale lengths is obtained,
dNh
dγh
=N toth f aˆ0
S6 + 8
2S5 − 8S
√
1−
(
S6 − 8
6S3aˆ0
)2 −1
S =
√
γh + 1 +
√
γ2h + 2γh − 3 . (14)
Comparison with the spectra from the simulations
yields a reasonable agreement, see Fig. 3. We compare
the spectra integrated over the ROI for a0 = 10 (Fig. 3a)
and a0 = 30 (Fig. 3b). Especially for a0 = 10 we see
strong modulations at higher energies, for a0 = 30 the
predicted high energy peak is washed out, but otherwise
the spectra are described well by Eqn. (13) and (14) with
f ∝ 1/γ. The energy oscillations are a consequence of
the interaction of the laser accelerated electrons with the
bulk plasma oscillations mentioned before, which is not
included in our simple model. In fact, just before en-
tering the target the bunch followed almost exactly (13)
(Fig. 3c).
While the interaction with the bulk plasma alters the
spectral shape of the 2ω0 bunch, the average energy is
not altered significantly. This can be seen from Fig. 3d
where we show, as a function of the laser strength, the
5average energies
Tm =
1
Nh
∫ ∞
m+1
γh
dNh
dγh
dγh − (m+ 1) (15)
with N =
∫∞
m+1
dNh/dγhdγh, again neglecting the very
low energy electrons because they are influenced by
dispersion. The average electron energies follow almost
perfectly Eqn. (13) for a0 ≪ 20 and Eqn. (14) for
a0 ≫ 20, hence again validating the choice f ∝ 1/γ.
We note, that the simulation setup is chosen deliber-
ately to match the analytical case, i.e. having a plane
laser wave interacting with a plane, cold, pre-ionized tar-
get. If we would have looked at our simulation at a later
time, energetic electrons would have been reflected from
the foil rear surface and reenter the laser interaction zone.
Also, the foil would have been heated and a strong bulk
return current would be present. All these effects are
expected to alter the acceleration scenario and therefore
hot electron current generation, e.g. electrons enter the
laser field with a non-zero inital velocity. Yet, it is in-
teresting to note that a sub-component of the energetic
electron current still is accelerated following the same
principles as outlined above. If we only consider elec-
trons in a bunch that have been accelerated by the laser
once (by the v × B force) and were not part of the bulk
return current or have been accelerated and reflected at
the target rear before, we can calculate their energy gain
∆γ =
∫ t0+pi/2
t0
ay(t)vy(t)dt during the quarter laser pe-
riod of acceleration (where ay(t) is the transverse elec-
tric field at the particle position at time t). Fig. 4 shows
the respective spectrum of ∆γ at t0 = 8T , i.e. 8 laser
periods after the laser maximum has reached the target
front. At that time there exists a strong electro-static
surface field which together with strong plasma oscilla-
tions, collisions and rear surface fields acts to modify the
spectrum from Eqn. (8). Yet, for the electrons from the
surface the spectrum of energy obtained by transverse
forces (i.e. the laser) still shows good agreement with
the analytical spectrum Eqn. (13). Contrarily, the spec-
trum and current taking into account all electrons inside
a bunch is quite different at such late time and needs a
different treatment beyond the scope of this paper.
It is also worth mentioning that the spectra calculated
above are not exponentially decreasing while experimen-
tal spectra and simulations in sup-picosecond laser-solid
interactions consistently do show exponential behavior in
the high energy region14,15. Often, this is ascribed to a
thermalization, thus the slope is named temperature and
interpreted as the high energy limit of a Maxwellian elec-
tron distribution. However, two simple arguments show
that the distribution of energetic laser accelerated elec-
trons is not thermal: First, the stopping range of MeV
electrons in solid matter is on the order of millimeters16,
and in vacuum behind the target on the path towards the
detector thermal equilibration would need much more
f = const.
f ~ 1/γ
FIG. 4. Spectrum of energy ∆γ gained by transverse forces
(primarily the v ×B force) during a quarter laser period for
electrons situated in front of the solid density region (neglect-
ing any longitudinal plasma forces, and transverse forces in
the bulk and behind the foil) from PIC (black line) and a fit
with Eq. (13) and f ∝ 1/∆γ (orange line) and f = const.
(black dashed line). a0 = 20 and aˆ = 1.6a0.
than the few meters typical distance to the detector –
thus there is simply not enough time for the MeV elec-
trons to equilibrate. And secondly, even if the laser ac-
celerated electrons would thermally equilibrate, the dis-
tribution should follow a relativistic Maxwellian distri-
bution – which would not approximate to an exponential
curve in the high energy limit.
There are now three other explanations that can explain
the empiric exponential spectra. First, the electron ac-
celeration process itself can show random fluctuations
from cycle to cycle, immediately leading to an exponen-
tial spectrum17 (still not thermal). Secondly, the interac-
tion of the laser accelerated electrons with the bulk, i.e.
generation of plasma waves, can cause a large amount of
randomization of the phase space if the sample is thick
enough, from our simulations here we see that this needs
a thickness in the order of several micrometers for mildly
relativistic short laser pulses. Finally, for high contrast
lasers and ultra-thin foils where the latter two points do
not apply, we now show that one can still find an ex-
ponential spectrum with a slope connected to the aver-
age electron energy (i.e. similar to a true non-relativistic
Maxwellian).
If we consider a thin foil (to neglect interaction between
laser accelerated electrons with the bulk) and a Gaus-
sian laser pulse temporal envelope, then the spectrum of
laser accelerated electrons is dominated by the controlled
direct interaction of the laser with the plasma treated
above, with only minor cycle-to-cycle fluctuations. In
the limit of a slowly varying envelope, each bunch fol-
lows the spectral shape derived above, but with different
aˆ0 given by the appropriate instantaneous laser envelope.
The total spectrum then approximately is given by the
superposition of all individual bunches. The resulting
spectrum is shown in Fig. 5 exemplary for aˆ0 = 10 and
various pulse durations.
6FIG. 5. Spectra calculated from Eqn. (13) for aˆ0 = 10 and
Gaussian temporal envelope of 10 fs (light orange), 30 fs (dark
orange), 50 fs (brown). The average energy is agrees reason-
ably with scaling Eqn. (11) in all cases while the scale length
of the tail of the spectrum approaches approximately an expo-
nential form with the scale length given by the ponderomotive
potential, Eqn. (2), in the limit of long pulse durations.
Interestingly, the average energy of relativistic electrons
with kinetic energy larger than the rest mass energy is
still given in good approximation by Eqn. (11), which is
true not only for the case of aˆ0 = 10 shown in the fig-
ure, but for all practically relevant values of aˆ0, which
therefore can be seen as a good approximation for the
relativistic electron energy scaling also for the more real-
istic Gaussian pulse shapes.
For sufficiently long pulses the spectrum approaches an
exponential in the high energy region. Coincidently, in
the limit of long Gaussian pulses the slope of the high
energy tail is approximated with the Wilks ponderomo-
tive scaling Eqn. (2). Yet, it is important to realize that
this is merely a consequence mainly of our assumption
of a Gaussian beam profile and constant laser absorption
coefficient throughout the laser interaction. It is hence
rather a coincidence that the Wilks scaling is recovered;
in a realistic situation, e.g. when the laser absorption is a
function of many parameters, the high energy spectrum
cannot be expected to generally follow an exponential
with the scale given by the ponderomotive energy, while
our general model can be adapted to take this into ac-
count for the average energy.
IV. TIME AVERAGED LASER GENERATED CURRENT
In the following we show how the current density can
be modeled for arbitrary a0 ≪ ne including its temporal
structure. We first compute the average current by
explicitly solving the time average integral in Eq. (4).
The resulting analytical expressions only depend on the
absorption fraction χ which is the only independent
input observable in our model descriptions. In a second
step we then derive the explicit time dependence of jh(t).
To derive the exact expression we start with rewriting
Eqn. (4) and the expression for 〈jh〉, and assume that
the electrons inside the plasma move ballisticly in the
direction of the laser, vz(t) =
√
γ2(t)−1/γh(t),
χ
a20
2
= 〈nh〉
〈
f(t)
(γh(t)− 1)
√
γh(t)2 − 1
γh
〉
(16)
〈jh〉 = 〈nh〉
〈
f(t)
√
γh(t)2 − 1
γh
〉
. (17)
Eqn. (16) can be used to eliminate the unknown 〈nh〉 in
(17). For the mildly relativistic case this can be done
analytically. Then, γh(t) is simply the quiver energy (6),
and with f(t) ∝ 1/γh(t) from (8) one can now easily ex-
press the average current as a function of the vacuum field
strength a0, and the field strength and energy amplitude
at the critical density, aˆ0 and γˆh
〈jh〉 = χa
2
0
2
(
tan−1 (aˆ0)γˆh
tanh−1 (aˆ0/γˆh)
− 1
)−1
(18)
∼= χ (I18)0.56 (λ[µm])−0.88 · 4.5× 1012A/cm2
where I18 = I/10
18W/cm2. For comparison, if we would
have chosen f(t) = const. the spectrum for Wilks-like
scenario would have been obtained, reading
〈jh〉 = χa
2
0
2
(
aˆ0
tan−1 (aˆ0)
− 1
)−1
. (19)
For the ultra-relativistic case no analytical solution
exists, but the equations must be solved numerically.
In order to compare to the PIC simulations, again we
compute the current taking only into account the elec-
trons with kinetic energy larger than m = 1, 〈jh〉m.
A very good agreement is achieved, again considering
the transition between the mildly relativistic and ultra-
relativistic laser intensity regimes, see Fig. 6. The differ-
ence in 〈jh〉 between the results taking the energy flux
density conservation time average correctly, Eqn. 4, ver-
sus taking the averages individually for every quantity,
Eqn. (1), gets increasingly bigger for larger laser strength,
as does the difference to the case assuming f = const.
(dashed black line).
V. TIME DEPENDENT LASER GENERATED CURRENT
Fig. 2c shows the temporal evolution of the current of
the simulation with a0 = 10 by plotting the current as
a function of propagation distance into the plasma with
the first four half-cycles being convoluted into the period
of 0−π. Again we only consider energetic electrons with
γ − 1 > m ≡ 1, hence v > 0.86c. Neglecting for now
dispersion for the small distance traveled and assuming
vz ≈ c, space and time are interchangeable and one can
think of the figure as temporal evolution of the current
of energetic laser generated electrons.
7FIG. 6. Average current 〈jh〉m (for m = 1) of energetic elec-
trons in laser direction inside the ROI. Solid orange line is the
numerical model prediction assuming the quiver electron en-
ergy scaling (6) and density evolution (8), which would corre-
spond to Eqn. (18) for m = 0. Dashed orange line is the same
for the ultra-relativistic case. For comparison. The dashed
black line is the current that would have been obtained for
(1) in the mildly relativistic case. In all cases we used the
laser absorption into energetic electrons extracted from the
respective PIC simulation and again assumed ˆposc = 0.9a0.
Clearly the current is not constant but shows the well-
known pronounced 2ω0 structure. Moreover, the current
shows a similar temporal behavior within a bunch as seen
before for the density. To calculate the time dependent
current jh(t) = 〈jh(t)〉f(t)vz(t)/〈f(t)vz(t)〉 we again as-
sume that the electrons move ballistically into the laser
direction, v = vz. For the mildly relativistic case the
current is then calculated to
jh(t) = 〈jh〉 πγˆh
tanh−1 (aˆ0/γˆh)
|aˆ0 sin t|
1 + aˆ20 sin
2 t
(20)
with 〈jh〉 from Eqn. (18) for πk < t < π(k + 0.5) where
k ∈ N and else jh(t) = 0. Again, the only free parameter
now remains χ, which we extract from the simulation.
A quantitative comparison of the calculated current with
the simulation is shown in Fig. 2c. Given the simplicity of
the model and approximations we made, the agreement
with the PIC simulation is remarkable.
VI. DISCUSSION
The laser generated hot electron current influences
important physical mechanisms, for example the resis-
tive heating of the plasma bulk, magnetic resistive field
generation or ion acceleration at the rear. The time-
dependence of the current has important impact not only
due to the modified expression for the average current
but also due to the fact that generally current and time
enter the models with different non-linearity. We want
to demonstrate this by computing the resistive heating
of the plasma bulk which is dominated by Ohmic heat-
ing over drag heating and diffusive heating18, as well as
potentially by anomalous heating19. For Ohmic heat-
ing, the change of bulk electron temperature over time is
given by
3
2
neT
3/2
e
δTe
δt
= ZΛjh(t)
2 (21)
with charge state Z and Coulomb logarithm Λ and as-
suming the bulk current to balance the laser generated
current18,20, which is the case for approximately the mag-
netic diffusion time21. This was solved in22 for constant
jh. To verify that in the present case heating is domi-
nated by Ohmic heating over the other mechanisms, we
want to compare the temperature expected from Ohmic
heating to the temperature in the collisional PIC simula-
tion. As in the present condition of our PIC simulations
jh is not constant, its full time evolution needs to be con-
sidered due to the non-linearity of Eqn. (21). Extract-
ing jh(t) from the simulation with a0 = 10 for example,
we can solve the Ohmic heating equation including the
time dependence and compare the calculated tempera-
ture with the simulated temperature. We find a good
agreement with the simulation confirming the validity of
the Ohmic heating model for our case and the negligible
role of anomalous heating.
We now want to calculate the bulk heating quanti-
tatively from our model. From the discussion before
we expect that it is not sufficient to use the average
current, or a 2ω0 modulated current without temporal
structure within the bunch. We therefore have to em-
ploy the result of our model from Fig. 2. The result-
ing bulk temperature (solid orange line) compares well
with the PIC simulation and especially is in much better
agreement than using a constant average current during
the bunch (orange dashed line). For comparison we also
show the temperature based on using the simple estimate
jh = 〈γh〉nc = const. for 〈γh〉 given by the ponderomo-
tive scaling (dashed black lines) and Eq. (11) (gray line)
which by far underestimate and overestimate the bulk
temperature, respectively.
VII. CONCLUSION
We have demonstrated that the calculation of the laser
generated electron current is much more complex than
using the simple equation jh = 〈γh〉nc. First, the spec-
tral distribution had to be taken into account when cal-
culating the average current density using the energy flux
conservation. Here, in contrast to3, we kept the temporal
energy evolution as the quiver energy in first approxima-
tion with a small correction for ultra-relativistic inten-
sities to account for the longitudinal co-propagation of
electrons with the laser fields. i.e. the average electron
energy does not depend on the laser absorption in agree-
ment with theory and simulation (e.g.23). This semi-
empiric ansatz means that we put all the absorption de-
pendency to the density of laser accelerated electrons,
8FIG. 7. Bulk temperature from a PIC simulation with a0 = 10
(black solid line) and Ohmic heating (21) using the elec-
tron current jh(t) from (20) (orange solid line). The inset
shows for comparison the predictions of only using a constant
current during an electron bunch and zero otherwise (with
the same average current as above) (orange dashed); using
jh = 〈γh〉mncc from Eqn. (1) and ponderomotive energy scal-
ing (2), constant during the bunches and zero otherwise (black
dashed line); the same but constant all the time (short-dashed
black line); and constant current jh = γ¯h with γ¯h from (11)
(gray solid line).
which we describe by Eqn. (8). Taking the current’s tem-
poral dependence is the most dominant effect in Eqn. (4).
The average current 〈jh〉 is then not given by 〈γh〉nc or
γ¯hnc anymore. We derived an exact analytical scaling
law for the mildly relativistic case, assuming the energy
evolution is given by the quiver energy and the electron
density is inversly proportional to the energy – both be-
ing in agreement with our simulations. For the ultra-
relativistic case the same procedure can be applied, but
in that case the solution can not be given by a closed
analytic expression.
To derive the temporal evolution of the current one
has to take into account the 2ω0 structure imprinted
on the current, i.e. the bunch duration of a quarter
laser period and separation between the bunches of
equal duration. The temporal structure within a bunch
is of equal importance and directly follows from the
temporal evolution of the electron density and veloc-
ity. For ultra-short laser pulses, only with the full
time-dependent modeling non-linear phenomena can
be described correctly, which we demonstrated on the
example of Ohmic heating.
Additionally to our model, effects such as dispersion,
front surface fields and interaction with bulk plasma os-
cillations inside the plasma slab, as well as recirculating
laser accelerated electrons can change the spectrum as
well as the temporal structure. This limits our model to
ultra-short time durations, with short propagation dis-
tance of electrons in high plasma density and no recircu-
lation, i.e. short laser pulse durations or the early stages
of the interaction.
It is important to point out that our model assump-
tions and PIC simulations parameters of plane laser
waves interacting with a planar cold target and a very
short ramp up time of only half a laser period were cho-
sen deliberately to satisfy those strict limitations, as il-
lustrative and easy to study examples of the implications
of Eqn. (4) compared to (1).
While for many cases our idealizations can be expected
to be fulfilled, in a real experiment also the finite laser
focal size, longer pulse duration and finite foil thickness
might lead to a more complex situation, i.e. γh(t) may
become a more complex multi-parametric function, f(t)
may not follow the simple relation given above anymore,
and the electron phase space will randomize as e.g. tar-
get heating24, instabilities25–29, density steepening30 and
refluxing electrons, reflected from the target rear sur-
face9,14 have to be taken into account.
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